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PREFACE

This study is part of &an investigation conducted for the Advanced
Reseaxch Projects Agency., The following publications represent several
phases of this investigation: RM=5(15~ARPA, A Dizplay Simulator for
Coclored-Tmage Presentation; RM-4196-ARPA, A Critical Review of the Ex-

periment 11 Foundation of Human Color Perception; and RM-4770-ARPA,

Tempora! Factors in Subjective Color., The preseat study, which ad-

dresse; the neural mechanisms of visual perception, constitutes part
of a phase of this investigation, of which tt= following studies are

componeuts: RM=-4870-ARPA, A Digital-Computer Model of Srike Elicita-

tion by Postsynaptic Potentials in Single Nerve Cells; and RM=4877-ARPA,

Pulse Trains in Lateral Geniculate and Retinal Ganglion Nerve Cells,

Although the program is concerned with human vision, the lack
of adequate neurocelectric data taken from humans has compelled us to
utilize nonhuman data peraining to the neural processes of vision,
Nonetheless, several lines of evidence suggest that neural processes
in the retina are comparable for most vartebrates., Thus the evidence
described in the present report bears directly on problems of human

vision,
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SUMMARY

This study surveys the neurohistolegical, neuroelectrical, and
neurophysiological evidence relating to neural organization in the
primate vetinz and applies tnis information to the understanding of
retinal organization.

Histological studies suggest a primary classification of neural
elements into five main types. There is a very wide variety of sub-
classes of the main types, but also indications of systematic sub-
classification. A fundamental characteristic of retiral organization
is the occurrence of extensive cross-connections and a consequent over-
lap of functional pathways.  Polyak has presented a relatively complete
description of retinal patterns of interconnection, but his pronounce-
ments have not always been corroborated by recent electronmicroscopic
invastigations.

A salient feature of neuroelectric activity recorded from ganglion

cells is the organization exhibited by the receptive ftield of core

and opposing periphery regions. Firing frequency in ganglion cells exhibits

a logarithmic-like dependence on stimulus intensity. S-potentials, on
the other hand, show that electrical activity distal to bipolar cells
is graded rather than pulsatile. The amplitudes of S-potentials depend
on stimulus intensity approximately as I/(l1 + I). Their spectral prop-
erties have helped provide resolution of the apparent ccnflict between
three-color and opponeut-process theories of color vision,

The rudiments of transfer mechanisms between single nerve cells
and their properties are discussed. Pertinent modes of transfer are
excitatory synaptic, inhibitory synaptic, presynaptic inhibition, elec-
rotonic junctions, and field influence.

Retinal organizatién is discussed in terms of neuronistological,
electrical, and physiological concepts. Outstanding problems include
adaptaticn and receptor interaction, spontaneous activity, efferent in-
fluence, and amacrine function. At present, all modes of behavior and
interneuronal transfer in the retina must be found by inference, and

the mechanisms underlying theae processes are particularly obscure.

e et bt s




-Via

A hypothetical theoretical framework for an initial consideration
of retinal organization is presented. This framework is based upon a
modification of Polyak's classification and interconnection patterng,
and upon a hypothetical specification cf the physiological modes of
transfer at interneuronal junctions.

A generator theory that attempts tn account for the properties of
S-potentials in and distal to bipolar cells is presented. On the basis
of this theory, an attempt is made to inierpret in part the e¢ncoding
of stimulus intensity.

The concluding section presents several orientations from which
the work may be viewed and indicates directions in which future work

might profitably proceed.
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SYMBOLS

transmembrane potential

stimulus intensity
total area uf retina
radius of eyeball

angular coordinates in spherical system with origin at
center of eveball

equilibrium potential of synaptic process
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1. iNTRODUCTION

Thir work is part of a program which attempts to apply che methods
of the engineering sciences tc attain a quantitative understanding of
gome aspects of retinal function. Neurophysiological mcchanisms are
applied to retinal intercomnection patterns to help understand retinal
neuroelectric data and, in turn, some aspects of their relation to vi-
sual perception. A marked conceptual distinction is drawn between neu-
roelectric data (wherein one speaks of the properties of spike trains,
"off" and "or'' responses, receptive-field organization, properties cf
the ERG, S-potentials, etc.) and neurophysiological mechanisms {(wherein
one considers the characteristics and properties of synaptic activation,
the propagation and interaction of potentials on neural membranes, etc.).
The former are properties of the system that we hope to understand, but
the latter are the tocls that, in the final 2nalysis, will provide the
basis of our understanding. The methods of the engineering sciences
may be of some value in this task, which is shared by many investigi-
tor . with diverse backgrounds and orientations.

The retina is a promising point of entry for investigations of
neural mechanisms subserving visual perception, as a large body of
neuroelectric data has been cbtained from retinal elements.(l) Reti-
aal networks seem tc constitute meaningful functional units, as their
activity depends but little on higher neural structures. Certair fun-
damental ~ud well-documented features cf visval perception seem to re-
flect properties of the retinal networks. For example, the relation
of subjective sensation to stimulus intensity, the ability to discrimi-
nate the flashes of a flickering stimulus, and the effect on subjective
gensation of spatial or temporal contrast in stimulation, all have
(1)

striking counterparts in retinal electrical behavior. The ability

to discriminate the spectral composition of stimuli alsc originates in
the retina.

The foregoing program is both attractive from the standpoint of
theory and extremely challenging. Histological, neuroelectrical, and
neurophysiological data are all germane to this task; each of these

fields contains many diverse, complicated, and often contradictory




features, is incompletely understood today, and is rapidly increasing

in content. Furthermore, it is by no means clear what analytical tools
may be most appropriate to & meaningful analysis, assessment, and de-
scription of the behavior of collections of nerve cells. Perhaps compu-
ter simulation, or some su-~inct and meaningful form of statistical
mechanics, will prove to be the only realistic approach.

In any case, a fundamental obstacle to the assessment of retinal
functicon is that retinal histology has not provided a clearly defined
set or sets of interconnected elements for analysis. There is igno-
r-nce about meaningful subclassifications of cell types, about inter-
connection patterns and their functional significance, and indeed, about
whether certain cell types are neural elements.

These fundamental questions remain unanswered even though neural
elements of the retina have been the focus of histological study for
about a century. Several factors have contributed to this state. First,
the situation is indeed co—olicated. The retina contains some 40 or 50
million nerve cells of several classes and subclasses, most of which
branch profusely and interconnect diffusely. Second, until about the
last decade retinal studies were performed with the light microscope,
whose resc'mtion has not proved capable of unraveling the diffuse and
intricate patterns of interconnection. Third, the recvina contains two
classes of cells - amacrines ani horizontals - that have remained singu-
larly enigmatic. The amacrine cells exhibit an anomalous pattern of
racifying dendritic branches and often appear to have no axons; conse-
quently, there is no clear functional polarization of thie cell type.
The horizontal cells cannot be classified as nerve cells on the basisg
of histclogy alone. Furthermore, both types of cells make extensive
and diffuse lateral connections within the retina, greatly complicating
the overall patterus of interconnection. Fourth, neuroelectric tech-
nology has only in recent years approached the state where its findings
may substantia.ly promote the understanding of retinal organization.

And fifth, only in recent years has the study of rnzurophysiological
mechanismg provided indications of the significance of various histolog-

ical characteristics.

HITIE




Thus, we recommend a highly skeptical attitude to any and all the-
orctical or .nterpretative passages in the existing literature. (This
caveat applies equally to the discussion presz2nted in Sezfions IV and
V below.)

Nonetheless, reliable knowledge about retinal organization has ac-
cumulated rapidly in reccent years. The advent of the electron micro-
scope in itsel:r ensures that the detailed delineation of interconnec-
tion patterre is only a matter of time and diligence. This, together
with accemplished and projected advances in neurophysiologw and 1n neu-
roelectric technclogy and data accumuiation, suggests an optimistic
prognosis for the future understanding of retinal function.

Many curren* texts and volumes dealing with the present subject
matter within a broader context contain superficial treatments of ret-
inal neurcliistology. However, this writer is nct aware of any adequate
asgsegsment of the subject matter.

The present Memorandum contains both highly speculative and (it
is hoped) objective sections., 1Its primary purpose is to provide an
overview of neural organizatiom in the retina. Secticn Il presents a
documented review of retinal neurohistology, comprising cell clas-
sification schemes, intercormection patterns. and densities and distri-
butions. Secvion IIl discusses rudiments of neuroe'ectrical and neuro-
physiological infermaticn that are germane to retinal organization.

Section IV presents a discussion of retinal organization, high-
lighting salient interpretive difiiculties and outlining a tentative
and hypothetical scheme of organization.

Section V addresses neuropnysiological processes of the outer
plexiform layer, and attempts to show that the properties of retinal
S-potentials and the rudiments of subjective-intensity encoding may be
understood on the basis of an appropriate application of the generator
theory of nerve cell function.

Section VI contains concluding remarks.




11, NEURAL ELEMENTS OF THE RETINA

This section presents a review of retinal peurohistological studies
of vertebrates. The discussion is not restricted to findings from pri-
mates, since the basic characteristics of retinal neural organization
are common fo most vertebrate species.

The functional characteristics of a given neural system are deter-
mined both by the pro; rties of the individual e¢lements and by their
patterns of intercunnection., Thus, in thisg section we consider histo-
logical studies relating to classification and subclassification »nf ret-
inal nerve cells, their densities and distributions, and their patterns

{ interconnection. However, primate studies, and human studies in
particular, ure emphasized. Our data inciude early work performed with
the light microscope (most notably by Dogiel,(z) Cajal,(3) and Polyak(a))
as well 25 more recent studies with ~he electron microscope. The sec-
tion concludes with a summary of the salient findings.

Figure 1 illustrates the topozraphy of the retina and its pesition

within the eyeball.

A. CLASSIFICA™ION OF CELLS

As illustrated ir Fig. 2, retinal nerve cells can e classiried
into five muin groups on the basis of location, orientation, and gross
morphological characteristics.

Receptors are located in the outermost laye~ of the retina (re-
ceptor layer) and are oriented vertically, extending from the layer
of pigment into tie outer plexiiorm layer. They are approximately 2
microns in diameter and about 60 ¢o 70 microns long.

Horizontal cell bodies are found in the external extremities of
the inner nuciear layer. Thcse cells, whi_.n range from about 8 to
about fu wicrons in diameter, are oriented laterally, aud their pro-
cesser may extend over areas exceeding a millimeter in diameter.

Bipolar cells are found in the inrer nuclear layer. About 5 to
10 microns in diameter, their cell bodies are criented vertically, send-
ing int, the outer plexiform layer a single dendritic stem which rami-

fies near the internal recepter endings and sending an axvnal process
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Ganglion
Horizontol
Bipolar
Rou Cone
Receptor
. : (4,5)
Fig. 2 .- Five main clagses of retinal neural elemeuts.

into the inuer plexiform layer. Their dendritic arborization may ex-
tend over an area of the order of 50 microns in diameter.

Amacrine cells are found near the internal extremeties of the in-
ner nuclear layer. Their cell bodies are approximately 10 microrns in
diameter, and appear to be laterally oriented. Amacrines send dendritic
processes into the inner plexiform layer, where they ramify and spread
laterally over nn area of the order of about 100 to 300 microns in di-
ameter. These cells are characterized by the absence of an axonal pro-
cess.

Ganglion cells form the innermest layer of cells in the retina,
having cell bodies about 20 mi:rons in diameter. Their dendrites ex-
tend iito the inner plexiform layer, where the branching patterns may
extend laterally over an area from 8 to about 600 microns in diameter.
Their axons run laterally across ~he retina to exit at the optic disc,

and from there proceed in a central direction to form the optic nerve.




Not so readily apparent histologically, but probably equally im-
portint with respect to retinal function, are the subgroups within each
classification. A definjtive subclassification of retinal nerve cells
will not be possible until the cell types are related to retinal func-
tion. Such a classification camnot be based upon morphology and inter-
connections alone, nor upon direct correlations between morphological
features and obscrved electrical behavior. It should reflect the role
of those neurophysiological mechanisms emphasized by a cell through ics
morphology and patterns of interconnection. Section III discusses the
cellular dimensions upon which such a functiona’ly meaningful subclas-
sification might be based.

There are no obvious hi tological criteria for subclassification,
and different investigators have suggested different schemata. The fol-
lowing paragraphs describe for each majur type of cell the subdivisions
suggested by histolougical studies. Most of the subtypes discussed are

illustrated in Fig. 3.

Recegﬁors

Histolegical investigations have distinguished only two types of

(6-9) (13-15)

receptors: rocs and cones. Photochemical,(lo-lz) electrical,

(16)

and behavioral evidence supports this dichotomy, and also suggests

a subdivision of cones into three types on the basis of their spectral
*

sensitivity. However, histological studies have not indicated a sub-

classification of cones.

Horizontal Ce“kg

Cajal(s) defined two groups of horizontal cells on the basis of
their location. The group found at the inner extremity of the outer
plexiform layer he called "external,”" ané¢ those immediately internal
to these, "internal." He describes the external horizontals as resem-
bling a star; they are multipolar and extend dendritic processes later-

ally in all directions. The dendritic stems branch often and terminate

*
See Ref. 17 for a critical review relating to cone subdivision
based on spectral characteristics.
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und2r the feet of cones, with which they seem to form a ''special copnec-
tion." Cajal found it difficult to follow the axons vf these cells,
which seem to describe a variable horizontal trasjectory and terminate

in an arborization in the outer plexiform layer, sometimes sending off
collaterals that also arborize.

The internal horizontals are somewhat larger than the external.
They exhibit a number of short, thick dendritic stems that arhorize and
terminate at the external extremity of the ocuter piexiform layer. Cajal
defines two subclasses of internal lLiorizontals on the basis of their
axons. Cells of the first exhibit large axons that traversc the outer
plexiform layer inwardly a short distance before sending out ramifica-
tions in lateral directions. Cells of the second subclass have a very
large axon that traverses a variable lateral path, often quite long,
and terminates in an extensive, complicated, and elegant arborizaton.
On the varicose branches of these terminations are ''appendices' that
penetrate the feet of rods. These axons also sometimes exhibit collat-
erals that arborize.

Polyak,(a) on the other hand, does not acknowledge a subclassifi-
cation of horizontal cells, which he describes as :esembling octopi.
According to Polyak, .hese cells have several short, thick dendritic
stems spreading in all lateral directions, each of which divides into
a half-dozen or so terminal branches that carry minute spherical vari-
cosities at their ends, The branc.lets and varicosities are assembled
into a set of cups or baskets which fit the vitreal face of cone pedi-
cles. The axon extends lateally over several hundred microns and then
branches repeatedly, forming a dvnse arborizaton that covers an area
much larger than the dendritic spread of the cell.

Gallego(ls)

claims that Polyak has described only the internal
horizontals described by Cajal, and has overlooked the external variety.
He claims further to have seen very clearly a layer of external horizon-
tal rcells.

Gallego describes a class of horizontals which he believes comprises
small members of Cajal's external varietv. Thege have three of four

large dendritic stems that extend laterally in all directions and branch

repeatedly. Gallego finds that these cells seem to exhibit no axons;
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he atiempts to reconcile this feature with Cajal's work by claiming

(19)

that Cajal's ear vy description of external horizontals is ambiguous,
aud in particular that his descr.ption of their axons i3 really avplica-
ble only to large external horizontals. This resolution camoc¢ be ac-
cepted, however, as Cajla's later description(3) of excernal horizontals
fails to acknowledge a meaningful division between large and small vari-
eties, but contains tne explicit description of axons on external heri-
zontals summarized above.

(20)

De Testa suggests, on the basis of their location. that there
are three classes of horizontal cells in the teleost retina. All these
types are quite similar to those described by Gallego. De Testa also
noted that these horizontals exhibited no axon-iike prolongation.
Although the interspecific similarity of retinal organization has

g
been often emphasized, (5,8,9,21)

several investigators have recently
suggested that the horizontal cells wight vary phylogenetically. Vil-
legas has observed that the horizontal cells cof fish seem tc be glia,
whereas primate horizontal cells seem to be neurons.(8’9’21) Gallego(ls)
has suggested that the horizontal cells of the cat should he regarded

as a type of intermcdiate nervous element pos .essing characteristics of

both neuroglia and neurons.

(22) (20)

On the other hand, Svaetichin and De Testa have suggested
that horizontal cells should be regarded as a third class of nervous
tissue, which theyv call '"controller cells."

Missotin(23) has found in external horizontal cells of the human
a group of organelles not typically present in neural eliments. These
organelles prove to Le associated with particles of ribonucleoproteins.
On the basis of this observation, Missotin suggests that external hori-
zontal cells might be the source of a particularly jintense nervous ac-
tivity. Previous studies had reveaied these orgarelles only in the ex-
ternal horizontal cells of the human and the chimpanzee; Missotin found

the organelles in the human only in the extramacular region.

Bipolar Cells

Caja1(3) has contended that bipolar cells connect exclusively with

either rods or cones, and he defines two classes of bipolar cells on
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this basis. He describes the cone bipolar as ovoid and small, with a
thick dendritic stem thar arborizes at the interior stage of the exter-
nal plexiform layer into long horizontal branches that contact the feet
and filaments of several cones. The axon or this cell is thin and rami-
fies at one stage of the internal plexiform layer into a short, flat,
varicose arborization.

Cajal also found members of this class that differed slightly from
the foregoing description. These cells, which he called "giant bipo-
lars,” had large cell bodies adjacent to the outer plexiform layer and
exhibited horizontal arborizations with very extended and numerous
branches.

The rod bipolar he describes as larger than the cone bipolar. It
exhibits two or three short, thick dendritic stems, each of which rami-
fies into an "elegant bouquet' of short, thin branches in the outer
plexiform layer; its axon is rather thick and traverses the entirety
of the inner plexiform layer, where it ramifies into a simple arboriza-
tion of short and thick branches which articulate with both the soma
and dendrites of ganglion cells.

Polyak,(4) on the other hand, disputes Cajal's contention that bi-
polar cells connect exclusively with rods or cones. He proposes that
bipolars be grouped as polysynaptic and monosynaptic. The former group
connects with both rods and cones, whereas tine latter connects only with
cones. The polysynaptic group he further divides intoc three classes:
the mop, the brush, and the flattop. The monosynaptic group contains
a single class, the midget.

The mop bipolar exhibits a relatively thick dendritic stem that
divides repeatedly in the inner zone of the outer plexiform lsyer, form-
ing a small "mop" of delicate, filamentous terminal branches. Its axon,
which is usually much thinner than the dendritic stem and is provided
with spindle-shaped varicosities, traverses the inner plexiform layer,
and divides at its inner extremity ‘nto two or three thick swollen
branches that terminate in crude, irregularly spherical varicosities.

The brush and flattop bipolars both exhibit a single primary den-
dritic stem that may be slendor or fairly stout and extends into the

outer plexiform layer wirere it ramifies. The character of the dendritic
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arburization is the basis for Polyak's distinction between brush and
ilattop varieties: '"The dendritic ramifications of one type [he writes]
resemble a brush with the tips of its thin bristle-like filaments cut
off straight. The other type has undulating branches which sweep later-

iy @)

both types exhioit relatively thin axons which ramify exclu-
sively in the outer layers of the inner plexiform layer. The arborirca-
tions arc more delicate than those of the mops, and consist of a 'small

lump of thin, short twigs, swollen in places into varicosities and with
minute buttons at the ends, occasionally all twisted into a fine mesh-
work."

Polyak characterizes the midget bipolar as the most conspicuous
bipolar cell of the human and simian retina. 1Its cell body is small;
its duendritic stem is short and thin, and passes directly to the outer
plexiform layer where it ramifies; its dendritic arborization consists
of about a dozer thin and very short branchlets which remain very close
together, and in general all make contact with a single cone, The axon
is thin and terminates with a few lumpy swellings in two tiers in the
inner plexiform layer.

In addition to these main ¢lasses of bipolars, Polyak describes a
"centrifugal bipolar' whose morphological features seem to suggest an
internal.to-external polarity. The cell body is found in the inner nu-
clear layer. A relatively thin process extends externally and divides
into a few short branches; a terminal arborization is produced by fur-
ther subdivision of these branches into fine twigs. Polayk suggests
that this tree resembles an axon and its termirating ramifications
rather than a dendritic pattern. One or more processes extend verti-
cally inward and branch repeatedly, prodiucing a cluster that spreads
in the inner plexiform layer.

Villegas, reporting recent work with the electron microscope, makes
the following remarks pertinent to bipolar classification:

In the monkey, three nuclear types are seen in the

bipolar cell laver. The first type comprises large grouped

granules forming dense zones irregularly arranged, in con-

trast with less dense granalar portions. The second type,

with a pale appearance, has small granules homogeneously di.-
tributed. The third type of nuclei also presents a regular
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distribution of granules but its density i3 greater than
that of the second type.(21)

In a subs quent electronmicroscopic examination of the buman retins,

(8)

Villegas, although noting a "stiriking similarity ween the struc-

ture and crgar -zation of the human retina and the other vertebrate ret-

inae, especially that of the monkcey,'" makes no comment regarding this

classification of bipolar cells.

(

Brown and Mzjor 24) define two classes of bipolar cells in the
cat retina. The first correspcnds to Cajal's "cone bipolars,' and the

second to Cajai's '"rod bipolar" or Polvak's 'mop bipolar."

Amacrine Cells

Cajal(3) described four classes of amacrine cells: unistratified,
bistratified, diffuse, and displaced.

The unistratified type is characterized by a dendritic arboriza-
tion that lies in a single lateral plane in the¢ inner plexiform layer.
Most commonly, the dendritic tree is counected to the cell body by a
single trunk. Cajal described four subclasses of this variety on the
basis of dendrite size and branching pattern. The cells of the most
common subclass exhibit a single thick trunk that descends from the
cell body into the internal plexiform layer, where it ramifies into a
lateral arborization. This subclass may be further subdivided on the
basis of the level in the inner plexiform layer where the arborization
occurs. A second subclass is very similar to the first, but exhibits
a very thin descending trunk and very fine, very long dendrites. A
third variety comprises cells whose trunk and trunk branches are very
thick and very long. A final subclass exhibits a varicose dendritic
arborization,

Cajal only varely saw bistratified amacrines. These exhibited a
single descending trunk that branched rather extensively into both the
inner and outer extremities of the inner plexiform layer.

The diffuse amacrine cell exhibits dendritic branchings that rami-
fy throughout the inner plexiform layer. Cajal observed that this cell
is abundantiy represented and described two subclasses, The first sub-

clags exhibits two or three medium-sized primary stems that spread
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obliquely through the inner plexiform layer. These stems branch re-
peatedly, and the secondary branchings are extremely varicose. These
variccse branchings spread through the entire inner plexiform layer,

but the longest stems provide a dense horizomtal plexus in th. inner-
most layer of the inner plexiform layer. A second subclass exhibits a
short, thick trunk that branches vesy close to the cell body arnd a vari-
cose arborization that is composed of relatively thick subbranches which
extend through the inner plexiform layer. In general, the arborizations
of this subclass cover a smaller voiume than those of the first.

Cajal labeled his fourth class 'displaced," as the ceil bodies were
found in the inner plexiform layer, slightly internal to the other vari-
eties. The cells exhibited long and ramified dendritic expansions
which were sometimes confined to the lateral plane containing the cell

body, but sometimes spread th.oughout the inner plexiform layer.

(4 . . ; .
Polyak " ) gives the fullowing description of amacrine cells:

The amacrine cell body is in the lowermost zone of the
inner nuclear layer. From it one or several main processes
descend, which by repeated subdivision produce an 'arboriza-
tion' spreading in the inner plexiform layer.

The arborization is loose, ccmposed of a few long, thin,
smooth branches dividing but little, with only a few spindle-
shaped varicosities and with terminal spherical and globular
swellings. In the other amacrine cells, on the contrary,
the arborization is dense, compact, made up of many branches
and twigs carrying numerous swellings, buttons, spines, and
varicosities of various shapes., The arborization, especially
if large, spreads over the entire thickness of the inmer
plexiform layer, its lowermost twigs touching the bodies of
the ganglion cells. In smaller amacrines the arborization,
usually at the end of a single descending oprocess, is small
and spreads in only one or two cf the several zones of the
inner plexiform layer.

According to the appearance, size, and area in which

the arborizations spread, several varieties of amacrine cells

may be distinguished. Future investigation will szhow whether

there 1s a morphological and functional basis for such sub-

divigions...

Polyak also suggested that some amacrines may have axons which
spread horizontally in the inner plexiform layer. He based this sug-
gestion cn his observation of fibers in the inner plexiform layer which

appeared to have the character of axons.
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Amacrine cells also appear to have a phyiogenetic dimension. The
outline above is based on Cajul's description of mammalian retinas and

/70)

Polyak's work on primates. De Testa‘” has described four classesg rf
amacrine cells in the fish: stellate, piriform, interstitial, and dis-~
placed. The stellates form a layer immediately internal to the internal
horizontal cells. They are star-shaped, echibit no axons, and their
several dendritic extensions branch in ail directions. These extensions
divide into "octopug-1lik~'" branches, which extend externally and twist
themselves about the bipolars. The cell bodies of the piriform class
are found immediately below the stellates near the inner pleriform layer.
De Testa nocves two subclasses of this class; the ''meuronal' subtype ex-~
hibits a long axon which runs tangentially at the excternal margin of

the inner plexiform layer, and the '"gliai' subtype sends down a thick
extension that divides in th:2 inner plexiform layer.

The interstiti.l and displaced amacrines are found at the external
and internal limits, respectively, of the inner plexiform layer. These
cells are unusually large and tangentially oriented, and apparently hLave
no axons. They exhibit thick and scanty extensions whiclh become thin
at their extremities. The dendritic trees form a dens2 netwcrk that ex-
tends throughout the inner plexiform layer.

Villegas also noted the glial-type amacrine in the fish,(ZI) but

. A 8)
reports not observing it in the human.(’

9

) . . , . . -
Dowling,(‘ ) examining with the electron microscope the retinae of
various vertebrates, incluc:ng primaces, reports not being able to dis-

cern subtypes of amacrine cells.

G§E§Iion Cells

Ganglion cells form the innermost cellular lay.r of the retina,
and their axons constitute the optic nerve. Their activity may be
viewed as the culmination of retinal information processing and the
mode by which stimuli are presented to higher centers. Their elec-

trica

1 activity has been extensively recorded under a variety of condi-
s ong (1)

and theitr histology has been rather thoroughly examined.
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Dogiel(z) has delineated three classes of ganglion cells on the
basis of the area covered by dendritic branching, the character of the
dendritic branching pattern, and the level of the inner plexiform layer
in which the dendritic arborization occurs. His classes are: (1) large
cells (cell body diameter about 20 to 70 microns) with a ve.y loose den-
dritic arborization containing three to twelve long branches which ram-
ify in the innermost layer of the inner plexiform layer; (2) medium-
size cells (cell-body diamerer about 20 tc 30 micruns) with about one

to four short and rather thick processes that penetrat2 about one-third
of the inner plexiform layer before ramifying; and (3) small cells {(cell
body diameter chout 1G to 30 microns) which exhibit one to three v ry
siwort processes th~t ramify near the external level of the inner pl.ox-
iform layer.

Cajal(B) has classified ganglicn cells primarily on the basis of
the level of the inner plexiform layer in which the dendrite branches
ramify, and describes three major classes: (1) large ovoid cells ex-
hibiting cone or more dendritic stems with arborizations in the external
layers of fhe inner plexiform layer; (2) small, oval cells exhibiting
deadritic ~tems that foom a delicate 'ndulating herizontal arborization
in the extreme external layer of the inner plexiform layer; and (3)
medium-size cells exhibiting many dendritic s*cu _nat ramify into very
dense and varicose arborizations in the external levels of the inner
plexiform layer.

Cajal describes other types of ganglion cel! "ased on other combi-
nations of size, arborization type, and level 5. r.miiication. These
include diffuse cells whose dendrites ramify in all levels of the imner
plexiform layer or in two different levels.

Polyak(Q) classified primate ganglion cells or the basis of their
manner of dendritic branch{ng.* He describes two major groups: indi-

vidual and diffuse. The _ndividual cells, of which only one type oc-

curs, he calls '"midget." These have a small oval or spherical cell
* (26) . ; q
Van Buren points out ti.at in practice Polyak avoided the use

of the region in the inner plexiform layer in which arborization occurs
45 a criterion for classification. PFolyak reported tnis to be a vari-
able and inconsistent feature of any given cell typc.
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body, and a thia dendritic nrocess that terminates with a few secondary

arnd tertiary branchlets in a small "basket' whose diameter is less than

e diameter of the cell body.

‘he diffuse group contains five diverse subclasses, which Polyak

describes as follows:

1.

Umbrella or Parasol. These have a medium-to-large, approxi-

mately spherical cell body, and exhibit one or more main den-
dritic stems that divide into very flat and dense arborizations,
Shrub. These have a relatively small body and exhibit a loose
dendritic arborization composed of a few chin, *wisted branches
that rerminate in contorted, hook-shaped twigs.

Small diffuse. These are quite small and exhibit a very loose

dendritic tree composed of a few long branches that spread hor-
izontally and obliquely.

Garland. These cells have a medium-size body with a few main
dendritic stew. :hat divide into a small rumber of chin secon-
dary, and sometimes tertiary, branches. Their dendrites are
the longest ganglion-cell dendrites observed by Polyak; they
undulate laterally for long distances in the inner plexiform
layer.

Giant. These cells are similar to the p2rascl and garland
types, but &re much larger.

(26)

Van Buren has recently performed an extensive investigation

of the histology of the ganglion-cell layer, which he summarizes as fol-

lows:

Our attempts to stain the processes of the small ganglion

cells within the central area with methylene blue met with no
certain success as apparently had been the fete of our prede-
cegsors. Further peripherally, both in monkey and chimpanzee,
we were able to unequivocally distinguish two major dendritic
patterns. The fi-st was of a cell of large size with den-
drites o£ gre  length, usuallv few in number and showing
relatively infrequent branching. This type uvas dlso identi-
fied in our two cases of intravitally stained human retinae.
The second type noted in the lower primates, but not in our
poorly stainéd human material, had a far lcss extensive den-
dritic tree top and showed an extensive iocal arborization
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of a most complicated type. Thus, ‘n general, we would agree

with Dogiel's view although I was unable to distinguish be-

tween his two smaller forms in our macerial so have, of

necessitv, cmitted this subdivision.

Several recent invest.zators have suggested thdat cat ganglion cells
may e classified as large or small on the basis oi cell body diame-

oB g
ter.(27 2 (27) wno obtained histograms of the frequency

However, Stone,
of cat ganglion cells of different sizes, found that "the giant ganglion
cells did not form a second mode in these histograms despite the fact
that insvection of whole-mount preparations strongly suggests that they
form a separate class.'" Stone also made a few observations >n the mon-
key and noted that "no cells comparable to the giant cells of the cat

retini are apparent, and the ganglion cells appear generally more homc-

. . . . 27
geneous in size and staining than in the cat.“( )

(30,31) (24)

Brown has suggested that in the rat and the cat, gan-
glion cells may be classified into two groups on ti.e basis of dendritic-
field diameter. According to Brown, large and small dendritic fields
tend to correspond to large and small cell bodies, respectively. In
the rat, the small dendritic fields exhibit tight, ani the larger, loose,
branching patterns. In the cat, the dendritic field diameters are 70
to 200 microns and 400 to 700 microns, respectively.

Electronmicroscopic examination has contributed little to ganglicn

(32 believes that the only

cell classification. For example, Dowling
pertinent cluéssification comprises two groups, midgets and nonmidgets.
Since the fibers of the optic nerve are axons of ganglion cells,
the classification of the diameter of optic fibers may be related to
other modes of ganglion cell classification. As conduction speed is
generaily proportional to the square root of fiber diameter, the former
may also be used as a measure of diameter. The results of several in-
vestigations utilizing either conducting velocity or direct fiber-size

(35)

measurements, are inconclusive. Investigators have suggested two,

(34) (35)

three, and four peaks in the size-distribution of optic fibers.

Concluding Remarks

Thus the extensive variety of cells in the retina appears ame-

nable to systematic classification, although there is disagreement

sl Ul

SRR A
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over the most meaningful histological classification. There are also
indications of some phylogenetic differences, especially among horizon-
tal and amacrine cells.

The salient features oi the foregoing descriptions of cell classi-
fication are summarized in part E of this section. In the remainder of
this section we consider histological studies of the densities and dis-

tributions of the retinal cells and of their interconnection patterns.

B. DENSITIES AND DISTRIBUTIONS OF CELLS

The total surface area of the retina inay be approximated by regard-
ing the retina as partly covering the surface of a sphere (see Fig. 1),

in which case we may write

e1 2m 2
A = I J ~degr sin ¢ d8 = 2nr [1 - cos 81] (1)
0 0

Table 1 shows thc appropriate retinal radii for several species,
the corresponding area calculated from Eq. (1) (assuming that 61 = 115

deg), and the measured retinal area for the human and the cat.

Table 1

RETINAL SURFACE AREAS

Area (from Eq. (1)), Area (meagured),
Animal Radius, mm mm? nm@
Huran 11.0 1080 950(26)
Gorilla 11.0 1080
Chimpanzee 9.5 810
Rhesus macque 8.5 650 50 a
cat 9.5 810 730--800¢27)

Figure &4 contains the topographical distribution of rods, cones,
bipolars, and ganglion cells for the human and of ganglion cells for

the cat. The measurements on human receptors (Fig. 4a) were performed
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(36)

the cat ganglion-cell data (Fig. 4c) were reported by

by Osterberg,
{16)

(27)

and those on human ganglion cells (Fig. 4b) oy Van
Buren,
Stoune, and the human data (Fig. 4d) by Vilter.(b/)

No quantitative data on horizontal or amacrine distributions have

(13)

the cat retina to be about 130/mm2 in the periphery and about 2‘/’0/mm2
(25)

been found. Gallego estimates the density of horizontal cells in

more centrally. Dowling suggesti s that perhaps as many as one-fourth
of the cells in the¢ inner nuclear layer may be amacrines. Many investi-
gations* show that horizontals and amacrines are present in large num-
bers throughout the retina, and that both classes tend to mingle their

ibers with neighboring amacrines or horizontal: tc form a plexus or
net, through which pass vertically orien.ed fibers.

Rods tend to become thicker and shorter in the periphery, and
(36)

(36)

cones become shorter. Foveal conet are longer and thinner than

those at the periphery. Polyak(a) reports that his mop, brush,
and flattop bipolars are present 'in great numbers' throughout the
retina, although mop bipolars are not found in the central fovea.
Midget bipolars, on the other hand, are present in the central fovea
in a one-to~one correspondence with foveal cores. In peripheral re-
gicas the distance between midget bipolars increases greatly -- per-
haps by a facter of, say, 25, to judge from Polyak's remarks.**
Villegas reports that '"cne of the three nuclear types described
in the bipolar cell layer [see p. 12 above] was not observed in the
parafoveal region of the monkey."(ZI)
Several investigations reveal a tendency for ganglion cells to
become larger in the retinal periphery. Polyak(a) notes that his mid-
get ganglion cells are much more dense in the fovea than in the periph-
ery, and that his giant diffuse ganglion cells are found only in the
far periphery.
Van Buren(26) reports that ganglion cells are small ocut to 5 deg
from the fovea (8 to 10 microns in diameter), with a considerable num-
ber of larger cells appearing between 5 and 10 deg from the midfovea,
Beyond this region the number of identifiable larger ganglion cells

increases.

L3
See Refs. 3, 4, 18, 20, 21, 25.
**See pp. 233-234 of Ref. 4.
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Gallego(ls) describes the distribution of dendriti. spread in giant
cat ganglion cells as follows: In the central zone most cells have den-
dritic fields of the same size as their cell body; that is, about 1.2
to 15 square microns; others, however, exhibit fields with diameters
up to about 160 microns. Just outside the area centralis, some fields
have diameters of about 25 microns, and most are about 80 microns. Be-
tween 4 and 6 mm from tne center field, diameters are usually about 450
microns, and in the extreme periphery between 1/Zz and 1 mm.

Polyak(a)

reports that the size of horizontal cells gradually in-
creases toward the periphliery, as does the length of their dendrites and
the number of baskets, until in the far periphery the cells attain a
giant size (total lateral spread more than a millimeter) and have sev-

(18)

eral dozens of baskets. Gallego reports that the axon-less horizen-
tals of the cat are smaller in the centradl regi~n, with body dimensions
of 6 X 9 microns and a total lateral expansion of 76 <« 89 microns, than
in the periphery, where the body dimensions are 7.5 X 12 microns and

the ilateral extensions, 92 *» 116 microns.

The above consideratiors lead to an estiwuce, for the human retina,
of about 6 million cones, 115 million rods, 12 million bipolar cells,
and 2 million ganglion cells. A primary feature of the topographical
distribution is the specialized foveal region. The highest density of
cones in th?2 rod-free area is about 16 per 100 square microns, for a
total of about 34,000.(36) There zre no ganglion cells(26) in the fo-
vea per se; those that serve the central cones are offset and form a
little ridge around the area. Their density approaches a maximum of
about 8 per 100 square umicrons, and the ceils are piled into tiers or
layers. Immediately adjacent tc the fovea are about five layers of
ganglion cells. It is difficult to say how many of the central ganglion
cells are associated with the foveal cones and how many are related to
those receptors slightly outside the fovea. The to.al number of gan-
glion cells within 10 deg of the foveal center is about 700,000. Thus,
the central 3 percent of the retina supplies about 40 percent of the
optic nerve fibers. Bipolar cells are also very dense in this area.(37)
There is some topographical variation in the peripherv. A typical

region might have a cone densicy of 0.5 per 10C square microns, a rod
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density of about 8 to 10 per 100 square microns, a ganglion cell den-
sity of about 0.2 per 100 square microns, and a bipolar cell density
of 1.2 to 2.5 per 100 square microns. Thus, a bipolar cell whose den-
drites extended 20 microns (total lateral extent of about 40 microns)
would extend over a2 lateral area encompassing about 7 cones, 125 rods,
and 20 to 40 other bipolars. If its dendrites extended to, say, 40
microns in length, these numbers would be quadrupled.

A ganglion cell whose dendrites cextended some 200 microns in length
would extend over an area encompassing about 240 other ganglion cells,
about 1200 to 2800 bipolar cells, about 600 cones, and about 10,000
rods.

The difficulty faced by the microscopist attempting to unravel the
interconnections among the cells is illustrated by a consideration of
the density of dendritic processes in the outer plexiform layer. 1If
there are about 1.5 bipolars per 100 square microns ard if each bipolar
exhibits, say, 7 processes, each of which extends laterally for about
20 microns, then each 100 square microns in the .uter plexiform layer
will contain portions of some 50 or 60 dendritic processes, each about
0.5 micron in diameter.

Electrical and histological information suggesis that the retinal
organization of the cat and the primate are similar. However, some dif-

ferences are apparent, especially in the specialized central region.
(27,28)

(

suggests that ganglion cells in the central area of the cat are much

The area centralis of the cat is indeed specialized,
(28)

but does

. 2

not seem comparable to the primate fovea. Stone, ) for example,
less numerous, less homogeneous, and perhaps less specialized than those
of the primate fovea. There is no definitive description of bipolar

and receptor cells in the central area of the cat. Furthermore, the

cat retina contains about 90,000 ganglion cells,(27)

and the primate
retina about 2 million. A comparison of Figs. 4b and 4c shows that
the spatial distributions in the primate and cat are comparable but
differ in density by a factor of about 10 throughout the retina.

We now turn to a consideration of the interneuronal connections

in the retina.
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C. INTERCONNECT1 IS

The topic of . :tinal intercomnection patterns Is not closed, and
indeed is the focus of extensive current work with the electron micro-

()

scope. Polya has described quite explicitly the mode of intercon-
nection of neural elements, but his statements have r t always been
corroborated by eiectron microscopy. Nonetheless, Polyak's position
will be described in detail here with the understanding that current
worl may invalidate any particular part of it.

Polyak's description suggests a primarily vertical organization
in which fundame. tal pathways progress from receptors to bipolars to

ganglions, with superimposed lateral influences mediated by horizontal

and amacrine cells.

Je

Each receptor connects with several bipolars.’ Cones connect to
cach c{ several mop, brush, and flattop bipolars, and perhaps to one
midget bipolar. Rods may go to brushes, flattups, and mops, but the
majority are connected only cto mops. Each bipolar, on the other hand,
is connected to several -~eceptors. Midret bipolars connect to cones
only, to whose vitrea. urfaces their dendritic bouquets are adjacent.
In the fovea each midget bipolar has one bouguet which connects to one
cone; in the periphery some midgets exhibit two or three bouquets which
attach to as many cones. Brush and flattop bipolars are connected to
both rods and :on2g. These comnections are to the vitreal surface of
the receptors, and the individual dendritic arborizations cover about
s8ix cones in the fovea and about three cones in the periphery. Mop bi-
polars connect to the sides of both cones and rods. Their dendritic
arborizations cover about six cones. These cells are absent from the
~entral fovea.

Most bipolar cells connect to several gangiion cells. The midget
bipolar connects with a midget ganglion, placing its clumpy axonal

*
Receptor connections with subsequent cells exhibit the typical

anatomical features of synapses.(6,8,21.38-41) A slicht deviation is
that receptor presynaptic regions contain '"ribbons' :: well as the typ-
ical synaptic vessicles. Furthermore, the geometry of thes. junctions
is somewhat atypical: the postsynaptic precesses . ctend into invagina-
ticns in the receptors.
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terminations in the latter's dendritic basket. but synapses on the den-
drites of different ganglion cells as‘well. Brush and flattop bipolars
synapse with dendrites of all ganglion types, apparently indiscriminately.
Each connects with perhaye two or three ganglion cells. The mop bipolir,
on the other hand, makes axvo-somatic synapses with from one to four
ganglion cells. However, the mop axon also exhibits one or two twigs

that may make axo-dendritic connections with ganglion cells. Both types
of connections are made indiscriminately to all ganglion cell types.

Midget ganglion cells connect axo-dendritically with one midget
bipolar, forming from four to six brush and flattop bipolars in the
fovea, and with twe to three brush and flattops in the periphery. [he
midget ganglion cell dces not connect with mops in the fovea, but con-
nects axo-dendritically with one mop in the periphery. Each diffuse
ganglion cell connects axo-somatically with one mop in the periphery.
Diffuse ganglion cells are connected axo-dendritically to many midget,
brush, and flattop cells. The number of connections is determined by
the extent of the ganglion cells' dendr.tic spread. If there are about
1.5 bipolars per 100 square microns, about three bipolar-ganglion con-
nections per bipolar, we can estimate that for a ganglion c=ll density
of about 0.2 per 100 square microns there are about twenty-five bipolar-
ganglion connections per ganglion. This number is mereiv a crude esti-
mate; the lzrger dendritic fields may contain many more connections and
the smaller ones scmewhat fewer.

The horizontal-cell dendrites exhibit little baskets that connect
in a one-te-one correspondence with th2 vitreal surfaces of the cones.
In the central fovea each horizontal connects to about six cones or
less, whereas in the periphery of a single horizontal may exhibit sev-
eral dozen baskets, each of which apparently ccnnects to a single cone.
The axons, which are several hundred microns long, terminate in arbor-
izations that cover an area considerably larger than the dendritic
spread and connect to both rods and cones.

Pclyak does not explicitly delineate amacrine-cell connections,
mentioning only that their dendritic arborizations spiead through the
inner plexiform layer, with their lowermost twigs sometimes touching

the bodies of ganglicn cells.

ir b - o e ek b
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Thus Polyak provides a relatively well-defined organizaticn of the
primate retina. The schematics in which he summarizes his work are
shown in Fig. 5; unfortunately, their accuracy is not presently estab-
lished. Most probably his assessment is reasonably reliable in nost
respects. Several features, however, particularly with regard to :iat-
eral influences, do not seem entirely consistent with electronmicro-
scopic studies.

Recent electrormicroscopy has revealed direct interconnections
among receptors.* Sjostrand(ao) reports that lateral processes arise
in recepturs in the guinea pig and form one of two types of interrecep-
tor connections. The first type connects with an adjacent reccptor
and the second with a receptor some 7 to 10 microns away.

(&)

Micscten has described connections between rods and cones in
the human. These consist of a process arising in the cone peduncle
and penetrating the rod endirng. The synapse at the rod has the same
morphology as those between the rod and bipolar processes. Villcgas(s)
has also seen processes extending laterally from cone endings in the
human extrafoveal region, She was not able, however, to follow them
to their terminations.

Several investigations with the electron microscope seem to be es-
sentially consistent with Polyak's description of the outer plexiform

layer. Villegas(g’2

b has reported that about ten processes invaginate
cone endings, whereas rod endings are penetrated by only one process.
Missoten(6) has reported that each rod exhibits only one invaginaticn,
each containing two or three dendrites.

In marked contrast to these reports are the findings of Pedler,
who reports that "it is easy to find complex pedicles with up to 300

, . 2
separate neurites making contact with the synaptic sum’.a\ce.”(4 )

Ped-
ler also distinguishes between two types of receptor-biponlar synapses.
The connections of horizontal cells have not yet been established
by electronmicroscopy. Villegas has boen unable to trace horizontal
processes to their terminations. She does describe, however, ''...cross-
membrane contacts between themselves [horizontal processes], and also

*
See Refs. 6, 8, 39, and 40.
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with the bipolar cell processes as well as with the bipolar cell

bodios.”(sl Villegas emphasizes the lateral plexus Zormed by the hor-
p

izont .1 processes, and reports that in the fovea horizontal processes

(40)

ds ot intertwine in the nreuropile. Sjostrand also has been unable

to follow horizontal processes,

Pedler,(az)

on the other hand, reports that horizo. tal cells syn-
apse on rereptors. Unfortunately, he does not scy whether the re~epZor-
to-horizontal connections arise only froir cones. Pedler also reports
censistently finding foveal bipolacrs whose dendritic domain diameter
extends over approximately t{hree cones.

Electronmicroscopic investigaticns of the inner plexiform layer,
on the other hand, reveal interconnections that seem somewhat more com-
nlicated than described by Poivak. Kidd,(43) investigating the inner
plexiform layer of the cat and the pigeon, describes four types of syn-

apses:

1. Conventional. These are the most common, and Kidd notes both
Type 1 and Type II. (Observers have hypothesized that these
correspernd to excitatory and inhibitory synapses, respectively;
see Section III.) Conventional synapses occur with a density
of about 0.2 per square micron in the cat,

2. S:ine. These are less numerous than the conventional typ-
and are characterized by a postsynaptic process lying within
a presynaptic invagination,

3. Ribbon. These contain a ribbon in the presynaptic process,
and often occur at a junction of three processes, two of which
are postsynaptic.

4. Serial. Kidd d.scribes twe varieties of these. One corsists
of a presynaptic process that synapses conventionally with a
proce.3 containing ribbons. The second consists «f a process
presynaptic to a second, which is presynaptic to a third, all
of which are conventional. Kidd notes that serial synapses
occur much wmore frequently in the pigeon than in the cat, ard
points out that the piveon aiso nas a higher proporticn of
amacrine c2lls. He did not attempt to identify the various

pcocesses with cell types.
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Dowling, ) on the other hand, reports being able to differentiate
between bipolar and amacrine processes in the retinae of various verte-
brates, including primates. He finds ribbons only in tipolar cells and
describes synaptic arrangements very similar to tine serial synapse de-
scvibed by Kidd. The bipolar process synapses simultaneosusly on iwo
processes, one of which is a ganglion-cell dendrite and the other an
amacrine process. Sometimes this amacrine process synapses on a fourth
nrocess, such that the criginal bipolar--amacrine connection is presyn-
aptic. In other instances the amacrine-cel’ processes synapse presyn-
aptically on a bipolar terminal, and sometimes an amacrine process of
the bipolar-amacrine-ganglior junction is seen to synapse <irectly back
on the original bipoiar process. Synapses between two bipolar processes
were sometimes observed.

Axo-scmatic synapses between bipolar processes and ganglion cells
were found by Dowling to be much tighter (i.e., had a much smaller syn-
aptic cleft) than is “iormal. No axo-somatic contacts were found in the
rod- free segion.

These observations are of some interest because they iumediately
suggest the neurophysioiogical mechanism of presynaptic inhibiticen and
the poesibility of electrical iunterneuronal transmission (see Section
IIT).

Thus some Investigations of the outer plexifcrm layer seem to be
quite consistent with Polyak's description, and others less so. The
inner plexiform layer, in particular, seems to be more complicated thar
Polyak's description suggests.

Retinal interconnections are L: no means established, and are cur-
rently the focus of intensive research. R Allan and F. Sjostrand,

(44)

for example, are thoroughly investigating this topic.

J, EFFERENT INFLUENCE

Several factors sugg .st that efferent fibers infiuezce retinal ac-

tivity. First, most other sencory chennels imcorporate effereat mech-

anisms,(as) which are mediated primarily by presynaptic inhibition (see

Section IIT) on primary afferent nerve cells. Electrical evidence has
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been somewhat ambiguous,(l) indicating at most only weak excitatory and

irhibitory effects. In general, fiber counts in the optic nerve compare

( (26)

counts more ganglion cells (2 million) than Bruesch and Arey(47) count

favorably with ganglion-cell counts; o) for the primate, Van Buren
optic fibers (1 to 1.2 million). Howcver, Maturana(as) has recently
suggested that the electron microscope may reveal fine efferent fibers
no. readily observable with the light microscope. Taking other sensory
channels as a gulde, we might expect precisely the small-diameter fibers
to carry efferent activity.(Ag)

Degeneration studies(so-sz)

also suggest efferent influences. Fi-
nally, the possible stimulation of cpontaneous activity by the reticu-
lar formation of the brain stem presumes the existence of efferent
fibers.

If efferent influences do occur, it i3 not clear where they act.
The most plausible working hypothesis is that they act in the inner
plexiforn laye- and perhaps mediate a presynaptic inhibition on axonal

\
end feet of bipolar cells.(sz’

E. SUMMARY

Five main classes of neural elerments are found in the retina: re-
ceptors, horizontals, bipolars, amacrines, and ganglions. Threir orien-
tation and topology are illustrated in Fig. 6.

A very large number of subciasses of these cclls has been defined
on the basis of size, connection patterns, dendritic branching paiterns,
location of arborizations, and other histological features. Most of
the subclasses described in Part A are shown in Fig. 3.

Cells are relatively dense throughout the retina, particularly
near the fovea. The topographical distribution of rods, cones, bipo-
lars, and ganglions is shown in Fig. 4. Fibers from adjacent cells
overlap considerably, as illustrated in Table 2a, which represents a
"typical" area in the periphery. Tatle 2b indicates the number of
conegs, bipolars, and ganglions within 10 deg of the fovea center. The
density of amacrine and horizontal cells may be about 0.4 per 100 square

microns.
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Fig. 6 -- Five main classes of retinal neural elements.

Table 2

APPROXIMATE DENSITIES OF RETINAL NEURAL ELEMENTS

(a) Periphery (b) Fovea
No. Within Bi- Nn. Within Gan-

No. per polar Dendritic glion Dendritic No. Within

Cell Type 100 uz Span of 40 . Span cf 400 u 10° of Fovea
Cone 0.5 7 600 0.87 x 108
Rod 8-10 125 10,000 2 x 106
Bipolar  1.2-2.5 20-40 1200-2300 2 x 106
Ganglicn 0.2 eyt 240 0.7 x 106

Polyak(a) has offered a relatively complete description of the com- |

plicated interconnections among retinal cells, summarized in Fig. 7.

Electronmicroscopy, however, sugge ts that oven Polyak's scheme may be \

somewhat oversimplified. Amcng other complications, direct connections |

between rods and cones have been reported. Also, reported ratios of

neurites per receptor range from 1 for rods and 10 for cones to up to
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300 for complex pedicles. Most workers have not been able to follow
the processes of the neuropile in the outer plexiform layer with any
certainty. Horizontals have been reported to connect to receptors,
but alsc to bipolar cells.

Several different types of synapses have been rcported in the in-
ner plexiform layer, including an unusual '"serial'" synapse. Urusual
connection patterns are found extensively in the inner plexiform layer,
and most typically incorporate processes of amacrine cells.

The extent of efferent influence, its locus, and mechanism of ac-

tion are not known.




III. NEUROELECTRICAL AND NEUROPHYSIOLOGICAL ELEMENTS

This discussion will present rudiments of those features of neuro-
electrical recordings that reflect retinal organization and of neuro-
physiological mechanisms that underlie neural behavior. Portions of
both these topics are treated in more detail by the author in Refs. 1
53, and 54.

A, NEUROELECTRICAL

We may distinguish two classes of neuroelectrical recordings per-
tinent to the present task: recordings from the easily accessible op-
tic nerve fibers (ganglion-cell axouns) and intraretinal recordings ob-
tained wicth microelectrodes. The vertebrate electroretinogram (ERG)
has been extensively investigated under a variety of conditions, but
as it involves the combined activity of many cells, its relation wo

retinal organization is not readily apparent.

*
Ganglion Cell Spike Trains

The properties of the spike trains of cat ganglion cells have
been thoroughly investigated. Primate ganglion cells, on the other
hand, have undergone only preliminary investigation, and there are no
data from these cells in the fovea. Nonetheless, the evidence does
suggest that organization in the periphery of the primate and cat
retinae are quite similar.

A significant feature of ganglion-cell behavior is spontanevus
activity. That is, the cells fire more or less at random in the ab-
sence of any illumination.

The distinction between "on-'" and "off-" responses forms the ba-
sis for a convenient neuroelectiical classification of ganglion cells.
Each genglion cell gives on type of response when a small core region
on thr retina is ililuminated, and the oppcsite type from an annular

r.«t0n surrounding the core. Simultaneous stimulation of portions of

*
The data presented here are abstracted from a more detailed ac-
count given in Ref. 1.
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both regions results in a mutual inhibition of the two types of re-
sponses; thus the annulus is called the "opposing periphery." Signif-
icantly, in both cats and primates the opposing periphery is ineffec-
tive in its dark-adapted state. The core diameter is approximately
300 to 600 microns in primates, and the external diameter of the op-
pocing periphery is about 1 to 2 mm.

Cells with off-cores tend to have a slightly larger core diameter,
respond with a shorter latency, respond maximally to a higher frequency
of sinusoidal illumination, and exhibit a higher rate of spontaneous
firing than do cells with on-cores.

The number of on-cores is approximately equal to the number of
off-cores in both the centralis and the periphery of the cat retina,
but Fig. 8 suggests that on-cores may predominate in the primate fo-
vea. Core diameters decrease near the central area in both cat and
primate retinae,

Cells exhibit on-, off-, or on-and-off respcnses to diffuse light,
depending un the relative streugths of the core and peripheral influ-
ences. The off-response to diffise light always comes from an off-
core unit; the on-and-off response may come from <ither type of core,
but i{s more commonly obtained frem off-cores.

The firing frequency of ganglion cells exhibits a sigmoid depen-
dence on the logarithm of stimulus intensity, and is approximately pro-
portional to the logarithm of -°° ' * ,tensity over a range of about

2 to 3 log units.

Intraretinal Recordingg

Electrical recordings taken within the retina are much less numer-
ous than the ganglion cell recordings discussed above. Brown and
w1eae1(56) investigated the cat retina and obtained eingle-unit re-
spongses in the gauglion cell layer, the inner nuclear layer, and just
external to the inner nuclear layer. The recordings from the inner
nuclear layer were presumably taken from bipclar cells, and are there-
fore of consider~ble interest, as no other recordings from these cells
have been reported. The inner nuclear recordings reflected spike ac-

tivity, in contrast to the recordings obtained more externally, wnich
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reflected graded responses. Furthermore, spontaneous spike activity
was observed in the inner nuclear layer. The receptive fields of the
cells of the inner nuclear layer were functionally organi.ed like those
of ganglion cells, comprising on-core and off-core types, both of which
exhibited opposing peripheries.

Brown and Wiesel also describe graded responses in units just ex-
ternal to the inner nuclear layer. All the responses were hyperpolari-
zations, i.e., showing increased negativity at the recording site. The
response amplitudes ranged from 5 to 25 mv. Some were associated with
a resting potential of -50 to -60 mv and some were not.

The graded potentials reported by Brown and Wiesel in the cat eye
are very similar to those discovered recently in fish retinae. These
so-called ”S-potentials”* are of considerable current interest, as they
seem to reflect physiological mechanisms intimately related to color
vision. The S-potentials comprise two types, L-potentials and C-poten-

tials. Both types are of the order of 5 to 30 mv, are continuous and

*
Access to this literature may be obtained through Refs. 57 and 58.

i
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graded, and depend on stimulus intensgity, with small deviations accord-

ing to E ~ I/1 + 1. The recording site is sometimes characterizcd by

a negative resting level of up to about -60 mv. The L-potentials are

recorded near the level of . he horizcntal cells and are hyperpolariza-

tions for all wavelengths. (-potentials, on the other haund, are re-

corded near the level of bipolar nuclei and are hyperpolarizations for

short avelengths and depolarizations for long wavelergths. Two sub-

types of the C-potential have been described, one with peak responses t
at yellow and blue and the other with peaks at ra¢ and green. ;

Brown and Wiesel's description of the spike-producing cells of !
the inner nuclear layer of the cat retina is of considerable interest. !
Unfortunately, “owever, their work has yet to be reprcduced or extended,
and the possibility that they were recording rfrom ganglion cells remains
open. Comparable descriptions of S-potentials, on the other hand, have
been reported by several investigators, and their properties seem to
be reasonably well established.

One more class of intraretinal recordings comprises electrical po-
tentials supposedly attributabie to single receptors. Br.wn and
Watanabe(13’14) have reported that potentials recorded near single re-
ceptors exhibit the time course shown in Fig. 9. A significant feature
is that the cone response follows the time course of the stimulus very
closely, whereas the rod response shows a marked lag, rising for some
hundreds of miiliseconds and taking a second or more to diminish.

A problem of theoretical interest, discussed below, concerns the
dependence of receptor response on stimulus intensity. Fatehchand,
Laufer, and Svaetichin(ls) have precluded the behavior of rertinal nerve
cells by applying NH3 to the fish retina and recording potentials across
thc receptor layer in response to illumination. They find two distinct
responses, fast and slow, which correlate with light and dark adapta-
tion, respectively, and thus supposedly represent cone and rod activity,
The amplitudes of both types of response are related linearly rather
than logaritbhmically to stimulus intensity. The threshold of the fast
response 1s some 3 to 4 long units higher than that of the slow response
in the dark-adapted state, and the slow response threshold increases

auring light adaptation.
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Fig. 9 -- Time course of receptor response to illumination,

B. NEUROPHYSIOLOGICAL

The most satisfactory generalization of the behavior of single
nerve cells may be loosely termed the theory of the generating poten-
tial.* Its central hypothusis i3 that integrative processes occur at
the input end of the cell through the interaction of graded potentials.
The resultant of this interaction is converted at the soma into a se-
ries of all-or-none spikes, which are propagated without meaningful al-
teration to subsequent cells. The series of spikes thus represents a
sampling of the sraded potential, or 'generating potential."

The process whereby spikes are elicited by the generating poten-
tial has been investigated extensively with computer models.** The non-
ilnearity of the process is largely restricted to fine-grained charac-

dekk
terigtics of the spike trains' temporal structure;(sa) mean spike

*See Refs. 53, 54, 59.
*%
See Refs. 53, 54, 60-63.

dohde
The work of Segundo, Perkel and Moare(64) on this characteris-
tic of neural function is particularly illuminating.
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frequency is approximately proportional to the amplitude of the gener-
ator potential.(53’65)
In the remainder of this section we consider briefly those fea-
tures of neural function that seem most pertinent to the interpreta-
tion of retinal behavior; first, the modes of interaction among nerve
cells and some of their basic properties, and second, the physiologi-

cally significant dimensions of nerve-cell classification.

Modes of Interaction Among Nerve (Cells

(66)

The commonest mode of communication between nerve cells is
synaptic (chemical) transmission, as illustrated in Fig. 10. The mech-
anisms and properties of synaptic activation have been extensively ex-
plored, both experimentally and theoretically. The occurrence of a
spike in the presynaptic cell causes the release of a chemical trans-
mitter that increases the permeability cof the postsynaptic membrane.
The resulting flux of ions through the membrane elicits an electrical
potential in che postsynaptic cell. When the activity in the presynap-
t.c cell is pulsatile, both the release of transmitter and the result-
ing postsynaptic response are pulsatile as well. Synapses are either
excitatcry (depolarizing) or inhibitory (hyperpolari-i.g), depending
on the equilibrium potential corresponding to the change in postsynap-
tic permeability. The postsynaptic pulses are accordingly called ex-
citatory postsynaptic potentials (EPSPs) and inhibitory postsynaptic

pctentials (IPSPs).

synaptic
! vesicles
—ataTa ey s
= E— o
—_m el LA
=) s -
dendrote

Fig. 10 -- The synapse.
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There are i1ndications that excitatory and inhibitcry synapses may

56’
be different.ated on a histological basis. Thus, Eccles( ! lists four

criteria for distingishing type 1 from type 2:
The syn.ptic clefr is wider (300 A) as against 200 A

for “ype 2; the postsynaptic membrane is more thick and

dense; the dense patch is much more extensive, occupying

the grearer part of the opposing synaptic membranes; and

in the ~left there is a plaque of extracellular material

nearer to the postsynaptic membrane.

Type 1 may be excitatory and type = may be inhibitory.

Both experiment and theory suggest that the properties or excita-
tory synaptic activation are difterent for axo-somatic and axo-dendritic
synapses.(67’54’68) On the somatic membrane, EPSPs seem to sum linearly;
trarsfer curves for axo-somatic activation and interaction among axo-
somatic synAapses are thus l..gely void of noniinear characteristics.

Axo-dendritic activation, on the c¢ther hand, is characterized by
a high degrce of nonlinear interaction. The fundamental reason for the
distinction appears to he that the magnitudes of synaptic potentials
are significantly hig'er in derdrivic regions than at the soma. Thec-
retical work has shown that the PSP asscciated with a given permeability
chaprge depends inversely on the square root of the neural radius,(sq)
thus suggesting that PSPs are larger in dendritic regions than in so-
matic regions.

The analysis of the properties of the generator potential may pro-
ceed whether t. 2 response in tne dendritic membranc is linear or non-
linear. Theoretical wotrk has been performed for both cases, and it ap-
pears that each is applicable to a different class of nerve cell.

Experimental work has shown that PSP interaction iw invertebrrte
nerve cells is warkedly labiie, Bullock<69) has found experimentally
that PSPs in these ccils exhibit three degrees of freedom: (1) excita-
tion or inhibition, (2} facilitation or antifacilitation, and (3) ex-
citatery or i~hibitory after-effects. These properties have been ob-

(

served ir a model iade by Lewis ) based on the nonlincar Hodgkin-KHux-
ley equation. By assuming that the dendritic membrune differs from ex-

citable membrane only in having a higher capacitin.e, Lewis finds that
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the threshold is greatly increased so that spikes are nct elicited,

and further that all of the effects described by Bullock are obtained.
A no* lincar membrane, such as that observed by Builock and mcdeled by
Lewis, is exceedingly prone to oscillatory potentials.(YO)

(71)

Jost vertebrate nerve cells, or the other hand, are less labile.
The present author's theoretical creatmcnt,(Sa) based on the assumption
that the den'ritic membrane resionds linearly, seems adequate to de-
scribe much cf the behavior of vertebrate cells. 1In this theory, non-
linearity is attribnted to a synaptic mechaniem whereby postsynaptic
response is diminished by prior trarssyns-tic potential. Nerve-cell
parameters are such that this mechanism is most marked for axo-dendritic
activation. Frijure 11 shows typical transfer curves for this theory.

The curve shown in Fig. 1lb is characteristic of a ccntinuously
active synapse releasing a quantity I of transmitter. This curve is
discussed in conjunciion with intensity encoding in Section IV, Part C.

The combination of two or more excitatory inputs on different den-
dritic branchLes or on the soma results in an approximately linear super-
pesition or slight facilitation, but a marked occlusion occurs (that is,
the response to the combi ation is less than the sum of the individual
responses) if they are on the same dendritic branch.

Another consequence of our formulation is that a sharp initial
peak occurs in the response to stimulation on a previously inactive
dendritic branch, a. ' this peak may be markedly diminished by prior ac-
tivity.

The properties of inhibitory synaptic activation do not seem to
have been extensively explored. Eccles has suggested that inhibitory
synapses may be solely axo-somatic.(bb) It is easy to see that inhibi-
tory synapses on dendrites would be exceedingly effective because the
IPSP would be markedly increased by the large dendritic depolarizations.
If Eccles's suggestion is valid, synaptic inhibition may be an approxi-
mately linear phenomenon. That is. one might approximate the total
output frequency of an excitatory synapse activated at freque..:y 4
and an inhibitcry synapse activated at frequency L, by E ~'Am1 - 312.

However, an analysis might show significant nonlinear effects even for

axo-somatic inhibitory synapses.




Output frequency (spikes/sec )

Output frequency
(spikes/sec )

Potential

Fig.

,Sor Axo-somatic activation .
- (a)
—— Regular input
o o lrrejular iyt )
100}
501
0 1 1 i ] J
0 200 300 400 500 600

300

Input frequency (spikes/sec )

Axo-dendritic activation

i 1 1

0.6

i j
150 200 250

Input frequency (spikes/sec )

50 100

(b)

!
-1 0 1 2

Ltog 1

11 - Theoretical nerve zeil transfer curves.("3’54)



TR

oy

-43-

Some nerve cells exhibit plastic behavior; that is, their response

to a given input changes gradually with time or depencs upon past ac-
tivity.(72’73)
Another jasic mode of neural interaction is presynaptic inhibition

(Fig. 12}, which occurs ubiquitously in both primary afferent cells(bé)

(i

on the presynaptic fiber (b), which when active elevates the potential

and in the central nervous system. it is effected by a synapse (a)
of the presynaptic fiber (b). The increased presynaptic potential then
dim_nishes the amount of transmitter released when the presynaptic cell
is activated. The properties of this mechanism have been investigated
thoroughly by Eccles,(66) who found that the diminution is effective
for the order of 100 msec and that the quantity of transmiter released

decreases exponentially with presynaptic depclarization.

Fig. 12 -- Presynap ic inhibition.

In addition to synaptic interactiowu, some cells seem to interact
electrically without chemical Cransmission.(74) Apparently no theoret-
ical analysis of Its properties has been done, but one suspects that
the interaction would be linear.

In addition to direct electrical influences at intercellular junc-
tions, nerve cell behavior may be modulated by an electrical field re-
sulting from the gross activity of many surrounding cells. Such ef-
fects have been described by Nelson,(75) who estimates that a field of
about 5 mv/mm may decrease the threshold of a spinal motoneuron to a
given stimulus by as much as 10 to 20 percent. The extent to which

this effect might occur in normal function is currently unknown.



Dimensions of Cell Classification

Several dimensions of cell classification are apparent from a
consideration of neural mechanisms.

Early observatirns had generated the hypothesis that a given cel!
is either excitatory or inhibitory.(66) That is, all the synapses of
a given cell on subsequent cells or effectors are either excitatory
or inhibitory; a given cell does not elicit EPSPs on omne cell and iPSPs
on another. Recent work, however, has brought this generalization into
question.(76) It is not clear whether histological evidence might
reflect such specialization.

Another dimension is the interaction mechanisms which are empha-
gized by the geometry of a particular cell. The latter is determined
primarily by the cell's dendritic branching pattern.(sa) Two funda-
mental types, the radiate and the tufted, have Leen identified by Ramon-
Moliner(77) (see Fig. 13). The tufted cell might be interpreted theo-
retically to involve a high degree of synaptic interaction and to be
particularly sensitive to stimulus initiation. On this basis these
cells would be expected to exhibit an occluded response to combinai.lons
of inputs. The radiate cells would exhibit less dendritic interaction
than the tufted, and might be expected tc sum responses approximately
linearly.

The size of a nerve cell is also related to its properties.(sa)
Experimental evidence(78) indicates that small cells have larger PSPs
than do larger ones, and thus are generally more excitable. Larger
cells, on the other hand, conduct impulses more rapidly.

The degree to which a nerve cell habituates is an additional di-
mension of clasgification. Urfortunately, the mechanism of this effect

remains unknown, and thus cannot be related to histolog.cal features.
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Radiate cell

Tufted cell

Fig. 13 -- Radiate and tufted cell types.
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1V. OVERVIEW OF RETINAL ORGANIZATION

As illusirrted in the following discussion, many problems frus-
trate a satisfactory understanding of retipral organization. This sec-
tion highlights some of the major difficulties and provides a tentative

organizational schema for initial theoretical work.

A. DISCUSSICN

A salient feature reflected by neuroelectrical data is the (vi-
sion of ganglion-cell receptive fields into core and peripheral regicns.
A prima facie interpretation of the data -:ggests that the core corre-
sponds to the lateral expanse covered by thoge bipolar cells that con-
nect directly to the ganglion-cell dendrites, and that the periphery
is mediated by lateral cells, probably horizontals (see Fig. 14). The
appropriate histological dimensions and their topographical variation
match those revealed by the neurcelectrical data quite well (see Sec-
tion II and Fig. 8).

A fundamental point is that the core has been repeatedly reported
te be homogeneous;(l) that is, one does not find off-responses from
one portion of tne core and on-responses from another, and to a first
approximation, the responses sum lirearly. This characteristic pre-
sents no difficulty in a purely excitatory pathway, and indeed, is pre-
cisely what would be expected in this case. It is somewhat difficult
to interpret, however, in view of the combinations of inhibiticn and
excitation prevalent in retinal function.

On- or off-responses are not intrinsic toc a ganglion cell, but
reflect the input. A consideration of the source (or sources) of off-
responses and of the basis of the neuroelectrical classification of on-
and off-cores will illuminate the difficulty prcsented by the homogene-
ous core.

The rubric of the "off-response'" encompasses two response charac-
teristics: (1) an inhibition of activity during iliumination, and (2)
an elevation of activity upon its cessation.

It scems likely that one or more inhibitory mechanisms are active

in the inner plexiform layer. Polyak's report that mop bipolars synapse
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Fig. 14 -- The ganglion cell receptive field.

axo-somatically on ganglion cells (whereas thouse of the other bipolar
types are axo-dendritic), together with Eccles's suggestion that inhibi-
tory synapses are primarily axo-scmatic, suggest the hypothesis that
mop bipolars are inhibitory. This would be consistent with Kidd's ob-
servatior. of Type II synapses in the inner plexiform layer, with
Villegas's observation that her third nuclear type of bipolar did not
appear in the fovea (Polyak's mops are sbsent from the fovea), and with
the fact that off-responses have shorter latencies than on-responses.
Amacrine cells may also have inhibitory effects, Dowling, for ex-
ample, has suggested a presynaptic inhibitory role for these cells on
the bas. - of their unusual junctions. Furthermore, there may be an in-
hibitory feedback from higher centers, mediated by efferent fibers.
Inhibition probably occurs distal to bipolar cells as well. As

discussed in Part C, horizontal cells most likely inhibit laterally.
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Two sources of electrical data suggest that, aside from this lateral
inhibition, inhibition may occur in th~ outer plexif .m layer. Brown
and Wiesel have reported that cat bipolar cells exhibit off-core re-
gions, ard thus fall into the same electrical classification as gan-
glion reils. The fact that the C-type of S-potential changes sign with
wavelength also suggests an inhibiting mechanism. However, neither of
these sources is conclusive: it is possible that Brown and Wiesel re-
corded from ganglion cells rather than bipolars, since no other intra-
cellular recordings purported to be from bipolars have been found iIn
the literature; the S-potentials have been reported under conditions
of diffuse illumination, and thus the possibility remains that the
change in sign of the C-potential reflects the lateral inhibition of
horizontal cells,

Although these recordings only suggest, rather than imply, that
there are inhibitory mechanisms other than lateral inhibition, there
is no reason to preclude the possibility. Some receptors may (but prob-
ably do not) inhibit bipolar cells. There is a possibility that inter-
receptor inhibition is mediated by the direct connections described in
Section IT, although it is not clear how or under what conditions this
might occur. Intuitively, one would anticipate that cones would in-
hibit rods as the former are activated by increasing illumination lev-
els. However, as only a small percentage of rods could be inhibited
in this manner because of the large rod-to-cone ratio, the effective-
ness of such a mechanism is questionable.* Furthermore, the rod--cone
synapse at the rod, observed in the primate, is indistinguishable from
a rod--bipolar synapse, suggesting a rod-to-cone polarization. There
are ample rods for a blanket inhibition of cones. However, although
extensive interreceptor connections have been reported in the guinea
pig, they have been observed only exceedingly rarely in the primate,

despite intensive investigation,

*There are about 15 tc 20 rods per cone. Villegas(a) suggests
about 10 processes per cone. If half of these tended to inhibit rods,
only about 30 percent of the rods would be inhibited. Furthcrmore,
the abundance of rod--cone connections appears to be very much less
than this estimate,
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The question of rod--cone interaction, and in particular, whether
under some conditions rods and cones function simultaneously, is funda-
mental and unresolved. Most likely, cones are iro>perative at low lev-
els of illumination. Whether rods are inoperative at high levels of
illumination is not so clearly established. Psychophysical just-notice-
able-difference data(lé) and electrical data(l3'15) from receptor:s seem
to suggest this, but the point remains open.

Turning to the secend manifestation of the off-response -- the in-
creaged electrical activity following the cessation of illumination --
one finds suggestions that rods may be active in photoptic vision. The
positive off-activity might be expiained if both excitatory and inhibi-
tory influences were active during stimulation, with the latter decay-
ing more rapidly than the former upon cessation of iIllumination. This
is illustrated in Fig. 15. Core off-responses may persist for a period
of the order of 100 msec or more. Typically, a given cell shows the
same type of response at low and high levels of illumiration. The time
course of cone responses is very similar to the time course of stimula-
tion. Rod responses, on the other hand, have been reportad to lag be-
hind the stimulus and to exhibit high levels of activity for hundreds
of milliseconds after the light is extinguished. The hypothesis that
rod activity does mediate off-responses thus becomes attractive. This
conjecture is consistent with the implication of Hubel and Wiesel's
work that off-cores are osent from the fovea, but this could also be
explained by the absence of mop bipolars from the fovea, as noted above.

On the other hand, there are other possible sources of the off-re-
sponse. It is possible, for example, that the photochemical processes
of some receptors are inhibited by illumination and display high levels
cf activity after inhibition. However, recordings supposedly from sin-
gle receptors have all been of the same sign. Two other possible sources
of the intensificd off-response are related to the fundamental questicn
of the source of spontaneous activity. First, some retinal neural ele-
ments may be sensitized by activation, and thus may respond more in-
tensely following stimulation of the source of spontaneous activity,
whatever it might be. Such an effect might be related to the phencme-
non of post-tetanic potention. A second possibility is that the source

of spontaneous activity may become more active following illumination.
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Fig. 15 -- A possible substrate for some off-responses.

The source of spontaneous activity in the retina is a fundamental

and unresolved problem. Because of spontaneous activity, inhibiting

responses are able to depress resting aciivity as well as to inhibit

excitatory responses to light. Granit suggested in 1955(79) that spon-

taneous activity originates in receptors. Since then, however, some

. ek 1
evidence has indicated that other gtructures may be responsible.( )
Several investigations of the time course of retinal adaptation have

shown a difference between the time course of spontaneous activity and

that of photochemical adaptation. Furthermore, spontaneous activity

in the lateral geniculate nucleus has been shown to be influenced by
the reticular system of the brain stem, as well as by retinal activity.

Thus arises the very interesting idea that spontaneous activity may be

related to efferent influences from the brain stem. This idea has a

certain plausibility, as the activity of that structure has been re-

lated to the phenomenon of '"attention" or ‘'wakefulness'' by many exper-

imental studies.(ao) It is not clear, however, at what point these

conjectured influences might be first mediated in the retina. As we

have seen, efferent fibers have not been traced to their terminals
within the retira.
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Suppose we return now to Fig. 14 and usk, in view of the foregoing
considerations, what might be the underlying basis for the distinction
between on- and off-core ganglion cells. Off-core cells tend to exhibit
larger core diameters, to have shorter latencies, to exhibit slightly
higher rates of spontaneous activity, and are perhaps not present in
the fovea. The classification of diffuse ganglion cells into radiate
and tufted types is guided by a theoretical prediction of their tendency
to respond differentially to excitation {see Section III). This clas-
sification is not necessarily related to "on-ness" or "off-ness," which
reflects the input.

It is possible that the response~type of the ganglion cell is de-
tcrmined by mop bipolars, and one could postulate that a ganglion cell
exhibits an off-type behavior if and only if a mop bipo.ar synapses
upon it. Several facts indicate that this suggesticn has some merit.
For cxample, mops are not found 1n thc fovea, and the axo-somatic
connection would providc a pathway that could account for the shorter
latency of the off-responsc. On the other hand, thc conccpt is probably
not adequate by itself. There is the possibility, discussed above,
that cff-effects are found prior to the bipolars. Furthermore, a
single mcp bipolar could not produce a homogeneous field as large as
those observed in ganglion cells. (The derdritic spread of a mop is
probably less than 100 microns, ccmpared to observed ganglion diametcrs
of up to 600 microns.}

It seems most likely that amacrine cells arc quite active in modu-
lating the impulses from thc ganglion=-cell core. This is indicated by
the electronmicroscopic evidence that they join bipolar and ganglion
cell processes, and by the observed homogeneity of electrical responscs
in the core.

Two interesting features of the peripheral annulus of the ganglicon
cell's receptive field are, first, that it always opposes the core (that
is. if the core region tends to excite the ganglion ccll then the core

tends to inhibit it, and vice versa), and, second, that its effects are
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abgent in the dark-adapted state. The latter, taken together with

Polyak's reyort that only cones activate the horizontal cells, suggests

quite strongly that horizontal cells mediate thc opposing periphery,

an interpretation that appears to accord with the intracacies of the

electrical data. Whether the horizontals effect a synaptic or presyn-

aptic inhibition of bipolar cells cannot be resolved by present histo-

logical evidence. It is recalled that Polyak reported that hoiizontals

synapse with rods and cones, whereas Villegas observed horizontal-cell
synapses upon bipolar cells. Either possibility would be consistent
with its always-opposing effuct.
tail in Section V.

This question is treated in more de-

A fundamental question concerns the extent of lateral interaction

mediated by horizontal cells. The impression is conveyed by the ccre

and opposing-periphery receptive-field organization ¢ € ganglion cells

that lateral interaction is mediated by horizontal cells connected

directly to the direct core pathways. Aaatomical data, however, in-

dicate the horizontal cells may interconnect and thus form a lateral
network pervading the entire retina.

The nsuroelectric data do not seem to be inconsistent with the ex-

istence of such a network. In attempting to apply such a concept tc

receptive field organization of garziion cells, one must note first that
nany such inhibitory chains of horizontals would be involved in the re-
ceptive field of a single ganglion cell; and second, that the angle be-
tween connecting horizontals most likely would be compietely random.

This ides is illustrated in Fig. 16. Thus, the receptors exciting

the "first-order" horizontals should indeed fall in an annulus around

the receptive field center. n the other hand, the receptors exciting

nth-order horizontals could 1ie anywhere within a circle with radius

of n horizontal cell lengths. It is clear that such organizaiion

would not be clearly revealed by the experimental investigations of

ganglion receptive-field organization. Furthermore, there are excep-

tions to the core-opposing-periphery organization typical of ganglion
cells. Perhaps the most striking with respect to the idea of an in-
hibitory chair of horizout~' cells is the finding of McIlwaln(SI) that
the firing response in a cat ganglion cell may be influenced by a stimu-

lus located gome 3 mm from ine receptive field conter.
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Fig. 16 -- The ipnhibitory chain hypothesis.

Post-stimulus histograms of gangiion-cell spike trains show that
the probabiiity of firing waxes and wanes periodically with a preferred

(A5 Clearly such

interval (for cat ganglion cells) of about 20 msec.
behavior can be accounted for on the basis of an inhibitory chain, and
we have, in fact, found such behavior in a pilot model of a single in-

hibitory chain.

B. HYPOTHETICAL ORGANIZATION SCHEMA

The following assumptions comprise a reasonable working schema of

neural organization in the retina:

1. The following classes of cells occur in the retina: rods and
three classes of cones (distinguished by spectral sensitivity);
midget, brush,* and mop bipolars; midget, radiate, and tufted
ganglion cells; horizontal cells and amacrine cells.

*
Includes Polyak's flattop.
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2. Interconnection patterns are primarily those described by
Polyak, except that horizontal cells synapse with bipolars
and the amacrines connect as indicated by recent electron-
microscopic investigations.

3. Receptors respord to illumination by releasing a chemical
transmitter whose quantity is proportional to the intensity
of the illumination and exhikits, ray, a Gaussian dependence
on its wavelength.

4. Horizontal and amacrine cells exhibit a graded electrotoaic
activity (that is, do not proluce spike potentials), whereas
bipc’~r and ganglion cells behave like the '"steudard moto-
neuron."

5. All junctions are mediated by excitatory synapses {except
for horizontal—bipolar and mop bipolar—ganglion, which are
synaptic inhibitory, and perhaps amacrines, w'nse character-

istics are in need of further study).

The connection pntterns for ganglion-cell core regions as deter-
mined by this schems are illustrated in Figs. 17 and 18. The lateral
connect.ons of horizontal and amacrine cells are supsrimposed upon

thesgse '"direct" connections.
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~10 other ganglions
Sanglion field A 30 binol { 10 midget
Ganglion field encompasses ipolursy 55 bri-sh

~10 cones
- ) ) 1 midget
ol - 5-7 bipolars { 4-6 brosh
Ganglion cell anglion connected to ~10 cones (most through
>l pathway )
Bipolar cells
C \ 7T
‘ ) S N q‘
Cones @ ® Ye. ® @, .’
Fig. 17 -- Hypothetical foveal unit; each bipolar (except midget) connects to I or 2

other ganglions; each cone is connected to about 1 midget and 12 brushes.
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V. GENERATOR THEORY AND PROCESSES OF THE
OUTER PLEXIFORM LAYER

Neglecting possible interreceptor interaction and efierent influ-
ence, retinal processing may b2 envisaged in two stages: (1) a trans-
fer from the receptors through the outer plex:iform layer to the bipolar
layer, and (2) a transfer from bipolar cells through the inner plexi-
form layer to the ganglion-cell layer. This section presents a theo-
retical schema for the processes of the first stage, and discusses it:
relation to pertinent electrical recordings and to the encoding of stim-
ulus intensity. In particular, it is shewn that the generator theory
of nerve-cell function, applied within the framework »f retiral inter-

connection patterns, seems to provide an ‘quate neurcphysiological
basis fov the properties of retinal S-pc tials and for the subjective
ability to discriminate differences in stimulus intensity. The present

discussion is based upon quantitative analyses that are partly described

in Ref. 54.

A. GENERATOR THEORY AND RETINAL S-POTENTIALS

Suppose that receptors activate bipolar and horizontal cells by
a typical synaptic mechanism; that is, a chemical transmitter changes
the permeability of the subsynaptic memprune, and the resulting ionic
process is characterized by an equilibrium potential. Suppose that (1)
all receptor synapses are excitatory; (2) the permeability change en-
dures throughout illumination and is proportional to its intensity;
and (3) horizontal cells and the dendritic regions of bipolar cells ex-
hibit linear membranes except at synapses. Thus, in this schema hori-
zontal cells do not produce electrical spikes, but exhibit graded elec-
trical activity throughout their operating range.

It is easy to show(SA) that a single synapse of this type mediates
in the bipolar or horizontal cell an electric response whose amplitude

depends or intensityv accovding to:

- )

hsbittaanin e s
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where E is the potential, E* the synaptic equilibrium pntential, and I
the stimulus intensity. A salient feature of this relation, which is
shewn in Fig. 19, is that the response is approxin tely proportional

to the logarithm of stimulus intensity, but cnly for & range of about
two log units. This characteristic is independent of the semsitivity
of the receptor mechanism, for example, changing I to kI in Eq. (2)
merely shifts the curve rigiidly by a distance k along the abscigsa. We

have shcwn(sa)

that this relation holds approximately for a dendritic
branching pattera vr.presentative of a typical bipolar or horizontal
cell.

This wechanism accounts for the linear relation observed between
stimulus intensity and recepter response {see Sectiow III).* Further-
mcre, together with the suppusition that » : -~=al cells effect a syn-
aptic inhibition upor bivolar cells, 1. = pr ..de & framework for un-
ucrstanding the electri. ;1 interacticn occurring in th~ first retinal
atage.

The elecrrical data most pertinent in the outer plexiform layer
are the S-potentials (see Sectiorn °~ ). These recordings are quite con-
s.stent with the present schema under the assumption that they are ex-
tracellular recordings in or around the neuropile. We suppose (see Fig.
20) that the L-units reflect activity externa’ to the level at which
the horizontal cells inhibit bipolars and that the C-units reflect ac-
tivity near or internal to these junctions. Tuis is consistent with

7
the experimentalists'’ report(s"ss)

that the C-potentials are recorded
near the bipolar nuzlei and the L-units rear the horizontal cells.

Both types of potentials exhibit prerisely the dependence upon
stimulus intensity predicted by the present theory; that is, the curves
are approximately linear superpositions of relations of the form of Eq.
(2); there are slight deviations which are quite consistent with charac-

teristics of interaction among different synapses.

*The suggestion is sometimes mace that logarithmic-like intensity
encoding is mediated by receptor mechanisms. However, the present
theory is more easily applied to other sensory modes; this i8 not pos-
sible for a theory that relies heavily upon properties of highly spe-
cialized photoreceptors.
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Fig. 20 -- Hypothetical scheme for the origin of S-potentials |
(L-units reflect only direct excitation, while C-units
incorporate inhibition by horizontal celle).
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The fact that S-p.tentials are predominantly liyperpolarizations
(which would be inhibitory were they intracellular) has caused some
consternation., However, it is very plausible that extracellular re-
cordings in the retinal ne opile could approach the 25- to 30-mv am-
plitudes of some S-potentials, 1t should be noted that the schema be-
ing presented here is concerned with relatively large-ampiitude depo-
larizations. The theoretical saturation potentiazl in t*e absenne of
an inhibitory process is the equilibrium potential of the excitatory
synaptic process; that is, 70 mv. Typically, extracellular responses
are much smaller (less than about 1 mv) for an intracellular response
of this magnitude.(83) However, the extremely high density of fihers
in the neuropile must increase the external electrical resistance.
Furthe:more, most experimental reports describing properties of S-po-

tentials rather strongly suggest an extracellular origin.
Naka and Rushton state:

When a nerve or muscle is impaled, there is usually
a sharp change of potential at the moment of peuetration,
and not much change with electrcde position hefore or after.
The penetration of the S-unit isg often not such a definite
step; the change was frequently a rather gradual transition
and the response to a fixed light flash seemed to depend
upon the exact position of the electrode tip. (37)

Finally, it is intuitively more satisfactory to regard the predcminant
response of receptors as excitatory rather than inhibitory, which would
be the case if the S-potentials were iatracellular.

In this achema, then, the L-potentials reflect only excitatory re-

sponses, for all wavelengths of white and colored light. The C-poten-

tials, on the other hand, are excitatory (negative extraceilular re-

cording) when the direct (core) influence is predominant, and inhibitory

(positive extracellular recording) when the inhibitinyg effect of the
horizontal cell is predominant. It is recalled (see Section III) that
C-potentials tend to exhibit h:perpolarizing responses at short wave-
lengths and depolarizing effects at longer wavelengths. This is con-
sistent with the idea that only cunes activate horizontals and the sup-
position that both rods and cones are active on the bipolars. Were
this the case, the longer wavelengths would tend to emphasize the

For example,
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influence of horizontal cells over that orf the direct cocre. Another
experimental observaticn tend: to corroborate this interpretation o&
the association of long wavelengths with excitation responses.
Svaetichin(84) has found off-responses only in C-potentials arnd only
when the stimulus was either white light or monochromatic light near
the neutral point. No off-responses were found in L-potentials. Since
the activity of cones appears tu follow the time course of stimulation
very closely, the explaration that the off-responses reflect the dis-
inhibition of core rods by peripheral cones seems very attraccive.

Polyak has reported contrary tc the present interpretcation, that
the output processes of horizontals terminate on receptors. However,
most electronmicroscopic observation has been unable to follow horizon-
tals to their terminations, and Villegas has reported observing hori-
zontal-to-bipolar connections.

Several factors have led us to assume that horizontals effect a
synaptic inhibition on bipular cells. For exampie, if horizontals con-
nected with receptors it is most *ikely that thei: influence would be
mediated by presynaptic inhibition. It is very difficult to understand
how a presynaptic m-~hanism could account for a depressior. “f activity
beiow the resting level, since presynaptic mechanisms typically merely
modulate the release rate of the presynaptic transmitter. Thi~ dilifi-
culty could be resolved only if receptors were the source of spontane-
ous activity, and current evidence argues against this (see Part B).

Also, the relative amplitudes of the hyperpolarizing and depolar-
izing portions of the C-potentials match very well the relative equi-
librium potentials of the excitatory and inhibitory synaptic mechanisms
The hyperpolarizing {(short-wavelenrth) portion of the respunse thecreti-
cally axhibits a saturation potential of 70 mv, whereas that of the de-

(66) Since che

polarizing (long-wavelength) response is about -.0 mv,
recordings are extracellular their absolute magritude is smaller_ but
their ratio should be about the same,

The interpretation presented here, then, is truly a 'generator"
theory, in the sense that spike potentials are not included. Spikes

are assumed to be elicited first in bipolar cells, and thus interaction
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at the second retinal stage is somewhat different from that in the oute:
vlexiform layer. We suggest tnat logarithmic-like intensity encoding
reflects the properties of this theory vf tiie generating polential, and
although highly nonlinear neural nrocesses occur in the second retinal
stage and higher centers, reflectiors of these mechanism: way be ob-
served in psychophysical studies. Before turning vo this suggestion,
however, we consider some tests to which the sbove ideay are subje:t,

Electrical activity recorded in various stages of the visual sys-
tem(l) is consistent with the ideas presented above. 5Spike activity
has beesn repurted near the level of the bipolar nuclei, but not distal
to it; indeed, all recordings distal to that level exnibit only graded
activity (see Section I1I). Furthermcre, the obterved relat.ons between
stiaulus intensity and the amplitudes of various electrical responses
are quite zonsistent with those implied by the generator mechanism. It
must be borne in mind that Eq. (2, is exactly applicatle only t': the
‘wtificial case of a singi¢ active synapse, und that even 1:. _adividual
bipolar aud horizoatal cells some deviations from theory arise because
of synaptic interaction.(sa) Furthermore, the relation of Eq. (2) is
certainly modified by mechanisms in the second retinal stage. Thus, in
view of the expected counteraction of excitation and inhibition through
numerous cross-connecting fibers in the retina, one expects to find in
ganglion cells and at higher leveis only well-masked reflections of the
fundamental relation.

The trends of electrical activity agree somewhat better with Eq.
{(2) than might be expected, considering the winy facets of retinal
integration that the equation does not explicitly inciude. For example,
Eq. (2) should be best gsatisfied under condic/tns of dark adaptation
end core illumination only. (Both these conditions el iminate the lat-
eral inhibition of horizontal cells.) }igure 21 shows two types of re-
cording from the dark-adapted cat eye, which match the theoretical curve
extremely well. The firat represents the amplit.nde of the b-wave of
the ERG(BS) (which this writer interpretes as the vruss response of the
neuropile in the outer plexifor. layer), and the second measures spike

(86)

fregunency i & gaugllon cely
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Experimental observations of retinal electrical activity generally
do not satisfy Eq. (2) as well as do those two cases. However, the
spike frequency of garglion cells has been repeatedly repor to ex-
hibit a sigmoid dependenc . upon the logarithm of light intensity.(l)
Slopes vary greatly and the amplitude sometimes tends to diminish at
very high intensities, but the general trend clearly reflects : 1-§.
rithmic-1like dependence over about 1.5 to 3 log units.

The present interpretation of the S-potential is subject to diirect

experimental test. First, the position that C-potentials reflect an
interaction between direct influence and influences mediated by hori-
zontal cells could be easily tested with small-diameter stim .lation.
In particular, no C-potentials should be observable if the stimulus is
a small-diameter light. Second, the receptive fields of bipolar cells
should consist of 2 core and opposing periphery, but all core regions
should b excitatory.

Should the general structure of the present positicn be confirmed,
a more fine-grai .ed prediction would be testable: the L-potentials
should exhibit different =mnliti’es of response to differen%t wavelengths
of light. However, since only excitatory synapses are effective, the
gaturation potential for white light and monoc” romatic light of any
wavelength should be about the same. (A small variation could be ac-
counted for if cones with different spectral properties lay at differ-
ent distances from tie electrode.) On the othei’ hand, the saturation
potential of the C-potentials should vary systematically with wave-
length, depending or the relative strengths of activatiorn of the direct
and peripheral influences. Saturation potential should thus vary mono-
tonically from somewhat less than 70 mv when the core¢ influence is max-
imized to somewhat more than about -10 mv when the peripheral influence

is maximized.

B. GENERATOR THEORY AND THE ENCODING OF STIMULUS INTENSITY

Several factors suggest that the subjcccive sensation of bright-

ness is related to the frequeucy of firing in ganglion cells. For ex-

(87)

ample, the time-course of brightnegs sensation, shown in Fig. 22,
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Fig. 22 -- The time course cf brightness,

corresponds to the time-course of frequency in ganglion cells.(l) (The
generator theory provides a possible explanation of this depression,(sa)
but other mechanisms may be involved.) Furthermore, both the sensation
of brightness and the firing frequency of ganglion cells are logarith-
mically related to stimulus intensity.

The logarithmic-like dependence of subjective brightness on stim-
ulus intensity was recognized over a century ago.(ea) Fechner formal-
ized the observation on the basis of a metaphysical theory with the
statement that sensation is proportional to the logarithm of stimulus
intensity. The Weber--Fechner law, as Fechrner's formulation has since
been known, has proved sufficiently accurate to have remained in text-
books and in the minds of researchers for over 100 years; at the same
time, however, its inadequacies and limitacions have been the source
of centinuing polemics. Stevens, the most recent of the many critics
who have dealt harshly with Fechner's generalization, clains that power-
(89)

law curves fit vesponse intensity data for many sensory modes.
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Figure 23 shows just-noticeable-diiference data for human vision
for a dark surround and an illuminated surround.(16) For a dark sur-
round the jnd curves exhibit an approximately flat trough for only
about one log unit. In this case, where the surround is inactive, the
generator theory as expressed here predicts that electrical activity
in single units will nost closely Zollow Eq. (2). From Eq. (2) we ob-

tain
& (l+2+1)dr~: (3)

which approximates the change in electrical activity, dE, associated
with a change in stimulus intensity, dI. Figure 23b shows dI/I versus
I from Eq. (3) for constant dE. If the comparison shown in Fig. 23

is mmeaningful, and it seems most reasonable to assume that it is, it
suggests that the subjective jnd in stimulus brightness corresponds to
a constant increment oX electrical activity.

When the surround is illuminated also, the width of the trough in
the subjective jnd curve increases; that is, the intensity range over
which mi extrapolated sensation of brightness is proportional to the
logarithm of stimulus intenmsity is increased. This is precisely what
we would anticipate on the basie of the lateral inhibition discussed
above. However, it must also be borne in mind that more ganglion celis
are affected by stimulation in this case than when only the core is
illuminated. Thus, the increased probability of a =vider spread in
sensitivity among the ganglion cells (that is,; the intensity level at
which the cell becomes active) may also play a part in this flattening.

A power law with exponent 1/3, which Stevens finds for vision,
ylelds a straigh: line with slope -1/3 on a log-log plot of dI/I versus
I. The absence of a flat trsugh in this relation corresponds to the
failure of a power law to flatten at high intensity levels. Figure
23a shows, first, that the 1/3 power-la<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>